FIG. 1. Experimental device stack for SnS-based devices, including silver contact, indium tin oxide and zinc-oxide transparent contact/window layers, zinc-oxysulfide buffer layer, tin-sulfide absorber layer, and molybdenum back contact. The stack is grown on a silicon substrate with a silicon-oxide layer.
Material Parameter
Value for Source present-day scenario high-efficiency scenario [13, 23] ZnO, Zn(O,S), ITO lifetime < 10 −2 ns no loss assuming no collection in these layers [6] Optical absorption for all layers wavelength dependent no absorption in buffer or window layers [6] ITO and Mo contacts flat-band alignment (ohmic) [24] Recombination velocity at contacts 10 7 cm/s 10 2 cm/s high limit/ no loss band-gap of the material.
95
In both the present-day and high-efficiency scenarios, the electronic band gaps of the ZnO and ITO front layers do 96 not affect generation or recombination. We therefore define the ITO, ZnO and Zn(O,S) electronic band gaps to be 2.5 97 eV to enable numerical convergence. These gaps are sufficiently large enough to block hole transport from the SnS 98 to the buffer layer. Reducing the band gap from the physical values (up to 3.3 eV) down to 2.5 eV reduces dramatic 99 variations in minority-carrier concentration, enabling numerical convergence with no impact on device performance.
100
The electrical parameters of the ZnO window layer are held constant as shown in Table I to this case. The Zn(O,S) conduction band-offset from SnS for S/Zn = 0.14 is measured using X-ray photoelectron 107 spectroscopy.
108
The parameters for ITO do not affect the simulation, and ITO acts as an ohmic contact on ZnO. We include it 109 in the device stack to correctly account for optical and electronic losses in the ITO for the present-day scenario. nm, under dark conditions, with magnetic fields ranging from -1.5 to +1.5 T. In addition, thin samples of 30-40 138 nm thickness were measured using an AC Hall effect measurement with a rotating magnet system [28] . The sheet The contour plot in Figure 3 demonstrates a range of different device behaviors due to the buffer layer pairing.
155
The highest-efficiency regime in the upper right (A) has high carrier concentration > 10 18 cm −3 in the buffer layer the interface in the band diagram for location (A). We revise the numerical SCAPS model to represent present-day performance of SnS devices. After including lower 
194
We measure films of active layer thickness (38 nm) under illumination to account for thickness and photoconductivity the data points for experimental optimization in Figure 4b do not cover the maxima of this performance space.
233
Additionally, relying on local behavior could be deceiving. For example, if a series of experiments found the local 234 maxima in Figure 3 at the conduction band offset of -0.1 eV and carrier concentration of < view of the performance space, potentially streamlineing experimental efforts and exposing local and global maxima.
238
The second way that performance space plots can help guide device optimization is by identifying changes in location carrier concentration maximum would be less advantageous. As we move to higher-lifetime SnS materials, a few 256 mA/cm 2 interface recombination current will become substantial compared to the bulk recombination and the high 257 carrier concentration maximum will be more advantageous. TABLE II . Bulk (J bulk (V )) and interface recombination (J interface (V )) currents at the the two maximum from Figure 3 for the present-day scenario shown in Figure 4a . The total current out of the device can be written as a linear combination of the illumination current and all the recombination currents:
. Each recombination term in this equation is the integration of the numerically calculated recombination in the device simulation over the relevant region at a particular voltage. The bias is 0.36 V.
C. Robust modeling: sensitivity to interface recombination velocity and other variables
259
As described in the Methods section, the interface recombination velocity is the only fitting parameter in our model.
260
As of yet, no independent experimental evaluation of our prediction of an interface recombination velocity of 2 × 10 
269
The relative efficiency and location of the two local maxima also depend on all the parameters that set the built-
270
in voltage in the device, including density of states, relative band alignment, carrier concentrations, and dielectric 271 constants. For example, a sensitivity analysis at the low carrier concentration maximum in Figure 4a, Our simulations for the present-day scenario in Figure 4 indicate that even with increased bulk recombination,
278
high buffer-layer carrier concentrations should yield high-performance devices compared to the experimentally best 279 performing device with S/Zn = 0.14 and nitrogen doping. However, for both high buffer-layer carrier concentration 280 devices (S/Zn = 0.14 and 0.26 without nitrogen doping), we experimentally observe shunted devices with low V OC 's.
281
This behavior is consistent with presence of pinholes, cracks or voids in our absorber layers. success requires that we overcome the shunting problems in our present-day SnS absorber layer. Here we present a framework to identify a suitable charge-carrier contact layer for photovoltaic absorber materials.
308
Our analysis of device performance with a 2-D contour plot provides clear bounds for the conduction band offset and 309 buffer-layer carrier concentration that will provide the highest efficiency device for a given absorber. We demonstrate local maximum, which supports efficiencies above 16%, occurs for buffer carrier concentrations less than 10 16 cm −3 and 313 a narrow range of conduction band offsets (0 to -0.1 eV cliff). The second maximum, which supports efficiencies above 314 20%, occurs at buffer-layer carrier concentrations of greater than 10 18 cm −3 and a broad range of conduction band 315 offsets (-0.2 eV cliff to 0.2 eV spike). These two maxima represent different approaches for buffer-layer optimization.
316
The performance space for a present-day scenario, representative of current bulk minority carrier lifetimes and 317 other losses, shows that the maximum at low buffer-layer carrier concentrations has the highest efficiency. For 
